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Leptin Differentially Regulates NPY
and POMC Neurons Projecting
to the Lateral Hypothalamic Area
cortical mantle (Bittencourt et al., 1992). Recent studies
have also identified the orexins (ORX) (Sakurai et al.,
1998) or hypocretins (de Lecea et al., 1998) as neuropep-
tides whose cell bodies are found in the LHA and perifor-
nical area of the rat, mouse, and human brain (Broberger
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et al., 1998; Elias et al., 1998a; Peyron et al., 1998).Beth Israel Deaconess Medical Center and
Similar to MCH, the entire neuraxis receives ORX in-Program in Neuroscience
nervation (Peyron et al., 1998; Date et al., 1999; vanHarvard Medical School
den Pol, 1999). Intracerebroventricular injections of both²Department of Medicine and
MCH and ORX increase food intake, and mRNA levelsDivision of Endocrinology
of both peptides are elevated during fasting (Qu et al.,Beth Israel Deaconess Medical Center and
1996; Sakurai et al., 1998). Finally, targeted deletion ofHarvard Medical School
the MCH gene decreases food intake, body weight, andBoston, Massachusetts 02215
adipose tissue mass similar to rats with LHA lesions (Shi-
mada et al., 1998). These observations suggest that LHA
neurons play an important role in integrating and influenc-Summary
ing the complex physiology underlying feeding behavior.
Another brain region that plays an integral role in regu-Recent studies have reinforced the view that the lateral
lating body weight and food intake is the arcuate nucleushypothalamic area (LHA) regulates food intake and
of the hypothalamus (Arc). Specifically, the Arc containsbody weight. We identified leptin-sensitive neurons in
neurons expressing the orexigenic peptide, neuropep-the arcuate nucleus of the hypothalamus (Arc) that
tide Y (NPY) (see Woods et al., 1998). NPY neuronsinnervate the LHA using retrograde tracing with leptin
within the Arc coexpress leptin receptor mRNA (Merceradministration. We found that retrogradely labeled
et al., 1996a). Leptin deficiency in the fasting state or incells in the Arc contained neuropeptide Y (NPY) mRNA
ob/ob and db/db mice markedly elevates NPY mRNA.or proopiomelanocortin (POMC) mRNA. Following lep-
Leptin administration decreases the Arc NPY mRNA lev-tin administration, NPY cells in the Arc did not express
els in ob/ob mice and fasted rodents (Stephens et al.,Fos but expressed suppressor of cytokine signaling-3
1995; Ahima et al., 1996; Schwartz et al., 1996).(SOCS-3) mRNA. In contrast, leptin induced both Fos
Melanocortin peptides synthesized in the Arc are alsoand SOCS-3 expression in POMC neurons, many of
important regulators of body weight and food intake.which also innervated the LHA. These findings suggest
The proopiomelanocortin (POMC) gene product a-mela-that leptin directly and differentially engages NPY and
nocyte-stimulating hormone (a-MSH) inhibits feedingPOMC neurons that project to the LHA, linking circu-
(even in fasted animals) by acting on central melanocor-
lating leptin and neurons that regulate feeding behav-
tin receptors (Tsujii and Bray, 1989; Ludwig et al., 1998).
ior and body weight homeostasis. POMC neurons within the Arc contain leptin receptor
mRNA (Cheung et al., 1997), and leptin regulates the
levels of POMC mRNA in the Arc (Schwartz et al., 1997;Introduction
Thornton et al., 1997; Mizuno et al., 1998). Recently,
a novel endogenous melanocortin receptor antagonist,Leptin, produced by white adipose tissue, plays a funda-
agouti-related protein (AgRP) has been identified. AgRP
mental role in maintaining neuroendocrine and body
is expressed in the Arc, and transgenic overexpression
weight homeostasis (Zhang et al., 1994). The importance
of AgRP results in obesity (Graham et al., 1997; Ollmann
of leptin is illustrated by the marked abnormalities seen et al., 1997; Shutter et al., 1997). AgRP and NPY are
in leptin-deficient ob/ob mice, all of which are corrected coexpressed in neurons in the medial Arc (Broberger et
by leptin administration (Campfield et al., 1995; Halaas al., 1998; Hahn et al., 1998). Another recently identified
et al., 1995; Pelleymounter et al., 1995). One established Arc peptide regulated by leptin levels is CART (cocaine-
mechanism of leptin action is to decrease food intake. and amphetamine-regulated transcript) (Douglass et al.,
However, the neuroanatomic basis for leptin's effects 1995; Kristensen et al., 1998). CART and POMC are
on food intake remains to be established. coexpressed in neurons in the lateral Arc (Elias et al.,
Numerous recent studies have increased the under- 1998b), and like a-MSH, CART peptide inhibits food
standing of the regulation of food intake by the hypothal- intake (Lambert et al., 1997; Kristensen et al., 1998).
amus. One hypothalamic region that regulates feeding, Taken together, these findings suggest that the Arc
body weight, and metabolism is the lateral hypothal- is essential in the regulation of body weight and food
amic area (LHA) (reviewed in Elmquist et al., 1999). The intake, and many of leptin's biological effects are likely
LHA contains neurons expressing melanin-concentrating due to engaging pathways originating in the Arc. How-
hormone (MCH) that innervate the entire neuraxis includ- ever, the pathways downstream of the Arc underlying
ing autonomic preganglionic neurons and the cerebral these effects are not well understood. The mechanisms
by which the LHA responds to changing leptin levels
are also not well understood. A projection from leptin-³To whom correspondence should be addressed (e-mail: jelmquis@
bidmc.harvard.edu). responsive POMC/CART and NPY/AgRP neurons in the
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Figure 1. Leptin Engages Arc Projections to the LHA
(A) Immunohistochemistry demonstrates a tracer injection site (Fluorogold-like immunoreactivity, FG-IR) in the LHA.
(B) Dual label immunohistochemistry demonstrates that retrogradely labeled neurons (brown cytoplasm) in the arcuate nucleus of the hypothala-
mus (Arc) also contain leptin-induced Fos-like immunoreactivity (Fos-IR, black nuclei) 2 hr following intravenous leptin (1 mg/kg) (arrows).
(C) Immunohistochemistry coupled with in situ hybridization histochemistry (ISHH) reveals that retrogradely labeled neurons in the Arc (FG-
IR) express leptin-induced SOCS-3 mRNA (arrows).
(D and E) Immunohistochemistry coupled with ISHH demonstrates that retrogradely labeled neurons in the Arc (FG-IR) express NPY and
POMC mRNA (35S-labeled riboprobes, arrows).
(F and G) Dual label ISHH demonstrates that POMC and NPY cells in the Arc also express SOCS-3 following intravenous leptin (arrows). The
neurons containing clusters of silver grains were hybridized with a 35S-labeled SOCS-3 riboprobe, and the neurons containing POMC or NPY
mRNA were hybridized with a probe labeled with digoxigenin.
(H) Immunohistochemistry coupled with in situ hybridization demonstrates that POMC neurons express Fos-IR following intravenous leptin
(arrows). The neurons containing clusters of silver grains were hybridized with a 35S-labeled POMC riboprobe. The Fos immunoreactive neurons
contain brown nuclear reaction product.
(I and K) Triple-label immunohistochemistry reveals that many Arc neurons projecting to the LHA (green neurons) also contain a-MSH-IR (red
cytoplasm) and leptin-induced Fos-IR (brown nuclei) (arrows, triple-labeled neurons).
Scale bars: 400 mm (A), 100 mm (B±E, G, and I±K), and 50 mm (F±H).
Arc to MCH and ORX cells in the LHA was recently Results
identified (Broberger et al., 1998; Elias et al., 1998a). We
hypothesized that this projection may be important in Distribution of Leptin-Responsive Cells Projecting
to the LHAregulating leptin-induced changes in food intake. To
investigate a functional link between leptin-responsive We retrogradely labeled Arc neurons in 21 cases by
injecting Fluorogold (FG) into the LHA, close to the fornixneurons in the mediobasal hypothalamus and the LHA,
we used retrograde tracing from the LHA and examined (Figure 1A). As described previously (Kita and Oomura,
1982), FG injections restricted to the PFA retrogradelythe patterns of leptin-induced expression of Fos and
the leptin signaling inhibitor, SOCS-3, in chemically labeled cells in the medial preoptic area, the anterior
hypothalamic area, the ventromedial nucleus (VMH), thecharacterized neurons.
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Arc, the ventral premammilary nucleus (PMV), and in
the posterior hypothalamus. We also found retrogradely
labeled cells in the prelimbic and infralimbic cerebral
cortices, the bed nucleus of the stria terminalis, the
medial and lateral septal nuclei, and in the substantia
innominata, the periaqueductal gray, the pedunculopon-
tine tegmental nucleus, the laterodorsal tegmental nu-
cleus, the parabrachial nucleus, the interpeduncular nu-
cleus, the dorsal raphe nucleus, the locus coeruleus, the
ventrolateral medulla, and the nucleus of the solitary tract.
We also examined injections that did not include the
PFA. These cases served as anatomic controls. In one
case, the injection site was more lateral in the LHA and
included the internal capsule. In another case, the FG
injection was more dorsal and included the lateral zona
incerta and the subthalamic nucleus, and in seven
cases, the injection site was medial to the fornix. Medial
injections demonstrated retrogradely labeled cells in the
Arc and RCA, likely due to contamination of the paraven-
tricular and dorsomedial hypothalamic nuclei. Dorsal
and lateral injections characteristically resulted in few
retrogradely labeled cells in the Arc, RCA, and PMV.
Thirteen animals with PFA injections received intrave-
nous leptin (n 5 7) or PFS (n 5 6) 2 hr before perfusion.
The leptin-treated animals exhibited a characteristic
pattern of Fos-like immunoreactivity (Fos-IR) in the hy-
pothalamus (Elmquist et al., 1997, 1998a; Elias et al.,
1998b). Briefly, Fos-IR was found in the paraventricular
nucleus (PVH), the RCA, the lateral Arc, the dorsomedial
VMH, the caudal dorsomedial hypothalamic nucleus
(DMH), and the PMV. In the brainstem, we observed Fos Figure 2. Leptin-Responsive Arc Cells Project to the LHA
expression in the superior lateral parabrachial nucleus Line drawings of four rostral to caudal levels of the rat hypothalamus
and in the nucleus of the solitary tract (NTS). illustrate the distribution of leptin-engaged cells in the retrochias-
matic area (RCA) and the arcuate nucleus of the hypothalamus (Arc)Double-label immunohistochemistry using an FG-
that project to the LHA (3s). (A±D) The sections were processed forspecific antiserum demonstrated that Fos-immunoreac-
double-label immunohistochemistry for Fos and Fluorogold (FG) ortive cells projecting to the LHA were located in the RCA,
(E±H) for FG immunohistochemistry and in situ hybridization histo-Arc, VMH, and the PMV (Figures 1B and 2A±2D). We chemistry for SOCS-3 mRNA. Neurons containing only FG-IR
found no differences in the number of retrogradely la- (squares) or Fos-IR or SOCS-3 mRNA (circles) are also observed.
beled cells in these sites between the leptin- and PFS- 3v, third ventricle; ME, median eminence; ot, optic tract; DMH, dor-
treated groups. Relative to the number of retrogradely somedial nucleus of the hypothalamus. Scale bar, 500 mm.
labeled cells in each nuclear group, we found that ap-
proximately 32% of the dorsomedial VMH, 28% of the
and in situ hybridization, we found SOCS-3 mRNA ex-RCA/Arc, and 23% of the PMV cells containing FG-like
pression in cells projecting to the LHA (Figures 1C andimmunoreactivity (FG-IR) also expressed Fos-IR after
2E±2H). We estimated the number of double-labeledleptin administration (Figure 3A). We did not observe
cells in leptin- and PFS-treated rats. Relative to the num-double-labeled cells in other regions displaying leptin-
ber of retrogradely labeled cells in each nuclear group,induced Fos. Control animals had very few cells with
we found that approximately 30% of the RCA/Arc cellsFos-IR in these regions and, thus, very few double-
containing FG-IR also expressed SOCS-3 mRNA (Figurelabeled cells (Fos-IR and FG-IR; Figure 3A).
3B). Control animals did exhibit low levels of SOCS-3Not all cells that are engaged by leptin, particularly
mRNA, presumably due to endogenous leptin levels,those inhibited by leptin, may express Fos. However,
but we identified significantly fewer double-labeledbinding of ligand to type I cytokine receptors (such as
cells (Figure 3B). We found no differences in the numberthe leptin receptor) induces the expression of the sup-
of retrogradely labeled cells between leptin- and PFS-pressors of cytokine signaling (SOCS) family proteins
injected rats.(Endo et al., 1997; Naka et al., 1997; Starr et al., 1997).
Leptin administration specifically induces SOCS-3 mRNA
Neurochemical Identity of Arc Neurons Projectingexpression (Bjorbñk et al., 1998). Thus, we used SOCS-3
to the LHAmRNA expression as a marker of direct leptin signal-
We next investigated the relative contribution of Arcing in the hypothalamus in rats with successful PFA
neurons to the NPY and a-MSH innervation of the LHA.injections (n 5 4 for both leptin and PFS). We observed
We examined normally fed rats that received successfula characteristic pattern of leptin-induced SOCS-3 mRNA
LHA injections and intravenous PFS. Two series of hypo-expression 1 hr following leptin administration, includ-
thalamic sections of each rat were processed for FGing the RCA/Arc, VMH, PVH, DMH, and PMV (Bjorbñk
et al., 1998). Combining immunohistochemistry for FG immunohistochemistry and ISHH for NPY or POMC
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Figure 3. Leptin Engages Hypothalamic Neurons Projecting to the
LHA
Bar graphs showing effects of intravenous leptin injection on (A) Fos-
like immunoreactivity (Fos-IR) and (B) SOCS-3 mRNA expression in Figure 4. Arc NPY and POMC Cells Project to the LHA
retrogradely labeled neurons following Fluorogold injections into Line drawings of four rostral to caudal levels of the rat hypothalamus
the lateral hypothalamic area. Values are means 6 SEM, n 5 6 for illustrate the distribution of retrogradely labeled neurons in the retro-
PFS- and n 5 7 for leptin-treated rats. Counts of labeled cells in chiasmatic area (RCA) and arcuate nucleus of the hypothalamus
various brains regions were analyzed by ANOVA, and the differences (Arc) that also contain NPY (A±D) or POMC (E±H) mRNAs (3s). Neu-
between treatment groups in each region were assessed by Fisher rons containing only FG-IR (squares), NPY mRNA (triangles), or
PSLD. *p , 0.05 compared to PFS-treated rats. Arc1, arcuate nu- POMC mRNA (diamonds) are also observed. Note that the NPY
cleus of the hypothalamus, rostral level; Arc2, arcuate nucleus of mRNA is more concentrated in the medial RCA/Arc, and the POMC
the hypothalamus, intermediate level; Arc3, arcuate nucleus of the mRNA is more abundant in the lateral RCA/Arc. 3v, third ventricle;
hypothalamus, caudal level; FG-IR, Fluorogold-like immunoreactiv- ot, optic tract; ME, median eminence. Scale bar, 500 mm.
ity; PFS, pyrogen free saline; PMV, ventral premammillary nucleus;
RCA, retrochiasmatic area of the hypothalamus; VMH, ventromedial
nucleus of the hypothalamus. Percent double-labeled cells repre-
ventral lateral medulla, in the NTS, the locus coruleus,sent Fos-IR 1 FG-IR/Total FG-IR and SOCS-3 1 FG-IR/Total FG-
IR. The various regions correspond to the following atlas level desig- and the ventral periaqueductal gray matter. We found
nations described by Paxinos and Watson (1997) and Swanson no evidence of innervation of the LHA by POMC cells
(1992), respectively: RCA, 25/25; Arc1, 27/27; Arc2, 30/30; Arc3, in the NTS.
33/32; VMH, 27/27; PMV, 33/32.
Leptin Induced Fos-IR and SOCS-3 mRNA in Arc
NPY and POMC NeuronsmRNA. We found that, in the RCA, 17% of the retro-
gradely labeled cells expressed NPY mRNA and 25% Leptin-treated rats (with no prior FG injections) were
perfused 1 hr after the leptin administration and wereexpressed POMC mRNA. Within the rostral levels of the
Arc, we found that 21% of the retrogradely labeled cells used to identify the leptin-sensitive neurons in the Arc.
Using double in situ hybridization, we found that in theexpressed NPY mRNA and 34% expressed POMC
mRNA. At intermediate levels, we observed more dou- RCA/Arc approximately 45% of the POMC cells also
expressed leptin-induced SOCS-3 mRNA (Figures 1G,ble-labeled cells for both mRNAs (23% for the NPY and
39% for the POMC). At more caudal Arc levels, 26% of 5E±5H, and 6B). In contrast, our control animals (ex-
posed only to endogenous leptin) showed much lowerthe FG cells expressed NPY mRNA and 27%, POMC
mRNA (Figures 1D, 1E, and 4; Table 1). levels of SOCS-3 mRNA expression in POMC neurons
(Figure 6B). We next investigated the induction of SOCS-3We also investigated the possibility that fibers origi-
nating in other brain areas could contribute to the NPY mRNA in NPY cells in the Arc. We found leptin-induced
SOCS-3 expression in approximately 20%±25% of theand a-MSH innervation of the LHA. We analyzed the
whole brain (for NPY) and the medulla (for the POMC) NPY neurons in the RCA and Arc (Figures 1F, 5A±5D,
and 6C). We observed much less SOCS-3 mRNA expres-in sections processed for FG and NPY or POMC mRNA.
We found double-labeled neurons (NPY 1 FG) in the sion in control rats.
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Table 1. Neurochemical Identity of RCA/Arc Neurons Projecting to the LHA
Region Atlas Level Total FG Cells Double FG/NPY Percent Double FG/NPY
RCA 25/25 40.5 6 6.6 7.8 6 1 17.7 6 1.7
Arc1 27/27 32 6 3.5 6.3 6 0.5 21.2 6 2.7
Arc2 30/30 27.3 6 4.4 6 6 0.7 22.5 6 1.3
Arc 3 33/32 38.3 6 2.4 8.3 6 1.3 21.3 6 2.8
Region Atlas Level Total FG Cells Double FG/POMC Percent Double FG/POMC
RCA 25/25 38 6 5.6 9.8 6 1.9 24.5 6 5.8
Arc1 27/27 38 6 2.4 11 6 1.2 34.8 6 3.5
Arc2 30/30 36.3 6 2.8 14.3 6 1.7 39.5 6 5.3
Arc3 33/32 43 6 4.4 11.8 6 3.8 24.9 6 5.2
Values represent estimates of mean counts of cells 6 SEM. The rats received injection of Fluorogold (FG) in the lateral hypothalamic area
(LHA) and were treated with PFS intravenously (n 5 4). We used adjacent sections of the same animals for NPY or POMC in situ hybridization
(35S riboprobes). Arc1, arcuate nucleus of the hypothalamus, rostral level; Arc2, arcuate nucleus of the hypothalamus, intermediate level; Arc3,
arcuate nucleus of the hypothalamus, caudal level; RCA, retrochiasmatic area. The atlas level designations correspond to those described
by Paxinos and Watson (1997) and Swanson (1992), respectively.
To assess the identity of neurons expressing Fos after Technical Considerations
We used the retrograde tracer FG to identify CNS sitesleptin administration, we examined leptin- and PFS-
that innervate the perifornical area of the LHA. Retro-treated rats perfused 2 hr after treatment (with no prior
grade tracers are a valuable tool in anatomical mapping.FG injections; n 5 4 for both groups). We processed
However, one limitation of this technique is that tracershypothalamic sections for Fos immunohistochemistry
may be taken up by damaged fibers of passage. Thisfollowed by ISHH for NPY or POMC mRNAs. We found
is relevant in investigating inputs to the LHA, as thisthat 40% of POMC cells in the RCA and 25% in the Arc
region contains many fibers of passage constituting theexpress leptin-induced Fos-IR (Figures 1H, 6A, 7E, and
medial forebrain bundle (Veening et al., 1982). However,7F). In contrast, in the same regions less than 1% of the
a specific projection to the LHA by NPY, a-MSH, andNPY cells expressed Fos-IR following leptin administra-
AgRP neurons has been identified (Broberger et al.,tion (Figures 7A±7D). Control animals exhibited very little
1998; Elias et al., 1998a). The innervation of the LHA byFos-IR in NPY and POMC neurons in the RCA/Arc.
axons containing these three peptides is very similar,We next investigated whether the Arc POMC cells
with dense concentration around the fornix. NPY cellexpressing Fos-IR also projected to the LHA. We found
bodies are distributed throughout the CNS. Thus, thethat many (approximately 60%) of the retrogradely labeled
NPY innervation could originate from several brain sites.cells (FG immunoreactive) displaying leptin-induced
Indeed, a part of the NPY innervation of the hypothala-Fos-IR, also contained a-MSH-like immunoreactivity
mus originates in the catecholaminergic neurons of the(a-MSH-IR) (Figures 1I±1K). The triply labeled neurons
medulla (Sawchenko et al., 1985), as we also observed(FG, Fos-IR, and a-MSH-IR) were most numerous in the
in the present study. However, a-MSH cell bodies arerostral and intermediate levels of the Arc.
found only in the Arc and NTS (Watson et al., 1978), and
AgRP cell bodies are found only in the Arc (Ollmann et
al., 1997; Shutter et al., 1997; Broberger et al., 1998).Discussion
Within the Arc, AgRP and NPY are coexpressed in a
high percentage of the Arc neurons (Broberger et al.,The hypothalamus is critical in the regulation of food
1998; Hahn et al., 1998). Hence, the distribution of retro-
intake and body weight. Lack of leptin results in marked
gradly labeled cells in the Arc expressing NPY and
hyperphagia and obesity. The mediobasal hypothala-
POMC mRNA is consistent with a specific LHA innerva-
mus, especially the arcuate nucleus of the hypothalamus tion by the Arc.
(Arc) contains neurons that coexpress leptin receptors The presence of retrogradely labeled cells in the VMH
and neuropeptides thought to be essential in the regula- and PMV deserves mention, however. Previous studies
tion of food intake (e.g., NPY, AgRP, a-MSH, and CART). using autoradiography and anterograde tracers have
The LHA contains neurons that express the orexigenic described the efferent projections of the VMH and the
neuropeptides MCH and ORX. However, the specific PMV (Saper et al., 1976; Canteras et al., 1992, 1994).
neuroanatomy underlying leptin's effects on food intake These studies reported that a few terminals can be ob-
are not well established. In this study, we found two served around the fornix at rostral levels of the hypothal-
differentially regulated populations of leptin-sensitive amus originating in the VMH and the PMV. Thus, at least
neurons in the Arc. One group (NPY/AgRP) is likely in- part of the retrogradely labeled cells in the VMH and
hibited by leptin (SOCS-31/Fos2). The second group PMV described here may be the result of tracer uptake
contains POMC/CART, and these neurons are activated by fibers of passage. However, injections of the antero-
by leptin (SOCS-31/Fos1). Moreover, leptin-regulated grade tracer biotinylated dextran amine into the dor-
neurons from both groups innervate MCH and ORX neu- somedial VMH indicates specific innervation of the peri-
rons in the LHA. Engagement of this projection likely fornical area by the VMH (C. F. E., C. B. S., and J. K. E.,
unpublished data).contributes to leptin's regulation of food intake.
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Figure 5. Arc NPY and POMC Neurons Express Leptin-Induced
SOCS-3 mRNA
Line drawings of four rostral to caudal levels of the rat hypothalamus
illustrate the distribution of leptin-responsive cells (SOCS-3 mRNA
expression) that also contain NPY mRNA or POMC mRNA (3s). The
sections were processed for double in situ hybridization histochem-
istry for SOCS-3 mRNA (35S-labeled riboprobe) and NPY or POMC
mRNAs (digoxigenin-labeled riboprobe). Neurons containing only
SOCS-3 mRNA (circles), NPY mRNA (triangles), or POMC mRNA
(diamonds) are also observed. 3v, third ventricle; ME, median emi- Figure 6. Leptin Engages NPY and POMC Neurons in the Arcuate
nence. Scale bar, 500 mm. Nucleus
Bar graphs showing leptin induction of (A) Fos-like immunoreactivity
(Fos-IR) and (B) SOCS-3 mRNA in POMC cells and (C) SOCS-3
Our findings confirm previous studies describing the mRNA in NPY cells. Values are means 6 SEM, n 5 4 for both
distribution of leptin-induced Fos-IR in the hypothala- PFS and leptin groups. Estimates of labeled cells in various brains
regions were analyzed by ANOVA, and the differences betweenmus (Van Dijk et al., 1996; Elmquist et al., 1997, 1998a;
treatment groups in each region were assessed by Fisher PSLD. *p ,Elias et al., 1998b). The expression of Fos-IR in the brain
0.05 compared to PFS-treated rats. Arc1, arcuate nucleus of thehas been used as a marker of activation of neuronal
hypothalamus, rostral level; Arc2, arcuate nucleus of the hypothala-
pathways. Absence of Fos-IR, however, does not ex- mus, intermediate level; Arc3, arcuate nucleus of the hypothalamus,
clude the participation of a nuclear group, as Fos may caudal level. PFS, pyrogen free saline; RCA, retrochiasmatic area
not be expressed in all activated neurons, and inhibited of the hypothalamus. Percent double-labeled cells represent Fos-
IR 1 POMC mRNA/Total POMC mRNA, SOCS-3 mRNA 1 POMCneurons would likely not express Fos at all (see Chan
mRNA/Total POMC mRNA, and SOCS-3 mRNA 1 NPY mRNA/Totalet al., 1993). In addition, Fos expression does not imply
NPY mRNA. The various regions correspond to the following atlasdirect activation by a particular stimulus (in this case,
level designations described by Paxinos and Watson (1997) and
leptin), as Fos-IR likely results from indirect stimulation Swanson (1992), respectively: RCA, 25/25; Arc1, 27/27; Arc2, 30/30;
as well (e.g., synaptic inputs, changes in blood glucose). Arc3, 33/32.
We previously found that an intravenous dose of leptin
(1.0 mg/kg) was most effective at inducing Fos-IR in the
brains of normally fed rats. We found that the patterns of leptin-induced Fos-IR, including the lateral Arc (C. F. E.,
C. B. S., and J. K. E., unpublished data). Our results areof leptin-induced Fos-IR were similar but more variable
after a lower doses of intravenous leptin (0.1 mg/kg) in agreement with Van Dijk and colleagues who reported
Fos-IR cells in the hypothalamus after intracerebroven-(Elmquist et al., 1997). Additionally, using a very high
dose of leptin (5.0 mg/kg), we observed similar patterns tricular injection of leptin (Van Dijk et al., 1996). However,
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at 1 hr and is decreased 2 hr following leptin administra-
tion (J. K. and J. K. E., unpublished data). In mammalian
cell lines that express OB-Rb, leptin induces SOCS-3
mRNA that peaks at 45 min following leptin administra-
tion (C. B. and J. S. F., unpublished data). Thus, SOCS-3
is a useful marker to identify cells that directly respond
to leptin. Moreover, SOCS-3 complements Fos-based
methods and provides a marker to identify candidate
cells that are inhibited by leptin (Spanswick et al., 1997),
including the NPY/AgRP neurons that express leptin-
induced SOCS-3 but do not contain Fos-IR following
leptin challenge.
We used two methods of scoring double-labeled cells
(see the Experimental Procedures). The more conser-
vative estimates are presented in the Results and in
Figures 3 and 6. We found a higher number of double-
labeled cells using the less stringent criteria. For exam-
ple, using this criteria, nearly all POMC and NPY cells
contained leptin-induced SOCS-3 following leptin ad-
ministration (data not shown). Therefore, our conser-
vative criteria may underestimate the extent of NPY
and POMC cells in the Arc that contain leptin-induced
SOCS-3, and it is likely that the true percentage lies
between our two estimates. Nonetheless, even using our
more stringent criteria, our findings clearly demonstrate
that leptin is engaging a population of NPY and POMC
neurons in the Arc.
The Arcuate Nucleus of the Hypothalamus:
An Integrator of Leptin Action
The arcuate nucleus of the hypothalamus is critical in
regulating food intake and responding to circulating lep-
Figure 7. Distribution of Arc NPY and POMC Neurons Expressing tin (reviewed in Elmquist et al., 1998b, 1998c; Woods et
Leptin-Induced Fos-IR al., 1998). One important target of leptin is Arc POMC
Line drawings of four rostral to caudal levels of the rat hypothalamus neurons. Leptin regulates the levels of the POMC mRNA
illustrate the distribution of leptin-activated cells (Fos-IR) in the ret-
in the Arc, as ob/ob mice and fasted rodents have low-rochiasmatic area (RCA) and in the arcuate nucleus of the hypothala-
ered levels of Arc POMC mRNA compared to the con-mus (Arc) that also contain NPY mRNA or POMC mRNA (3s). The
trols. These levels are normalized by leptin administra-sections were processed for immunohistochemistry for Fos and in
situ hybridization histochemistry for NPY or POMC mRNAs. Note tion (Schwartz et al., 1997; Thornton et al., 1997; Mizuno
that leptin-induced Fos-IR is more abundant in the lateral Arc. Neu- et al., 1998). Our current findings demonstrate that
rons containing Fos-like immunoreactivity (Fos-IR) and POMC POMC neurons in the RCA/Arc are leptin activated (ex-
mRNA are numerous in the RCA and the lateral Arc. In contrast, press Fos-IR). We also found that SOCS-3 mRNA is
neurons containing Fos-IR and NPY mRNA are rare. Neurons con-
expressed in POMC neurons in the RCA/Arc. Leptintaining only Fos-IR (circles), NPY mRNA (triangles), or POMC mRNA
receptors are expressed in neurons containing POMC(diamonds) are also observed. 3v, third ventricle; ME, median emi-
(Cheung et al., 1997). Thus, our results provide furthernence. Scale bar, 500 mm.
evidence that Arc POMC neurons are directly regulated
by leptin.
Another peptide regulated by leptin is CART (Kris-as leptin is secreted by adipocytes and circulates and
tensen et al., 1998). We recently demonstrated that init is still unclear how circulating leptin gains access to
the Arc, nearly all CART neurons also express POMC
the brain, we have chosen to investigate the pathways
mRNA (Elias et al., 1998b). Consistent with our current
engaged by peripheral leptin administration. observations, we found that CART neurons express Fos-
We recently demonstrated (Bjorbñk et al., 1998) that IR after leptin administration. Many of these neurons
leptin administration rapidly induces the expression of innervate the upper thoracic spinal cord, a region con-
a member of the family of suppressors of cytokine sig- taining autonomic preganglionic neurons providing sym-
naling proteins, SOCS-3 (Endo et al., 1997; Naka et al., pathetic innervation of brown adipose tissue (Foster et
1997; Starr et al., 1997). SOCS-3 is an intracellular inhibi- al., 1982). Thus, leptin-sensitive CART/POMC neurons
tor of leptin signaling that is directly induced by activa- residing in the Arc may be critical in regulating leptin-
tion of the long form of the leptin receptor (OB-Rb) induced thermogenesis and energy expenditure. Our
(Bjorbñk et al., 1998). Very little SOCS-3 mRNA is pres- current findings suggest that leptin also activates pro-
ent in the unstimulated rat brain, and intravenous leptin jections from the arcuate nucleus to the LHA that may
administration rapidly induces expression of the SOCS-3 be involved in regulating food intake.
gene in regions of the rat brain that express OB-Rb As with POMC and CART, there is a substantial over-
lap of NPY and AgRP mRNA in the Arc. However, inmRNA (Elmquist et al., 1998c). This expression is highest
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contrast to POMC/CART, AgRP and NPY mRNAs are LHA that decrease food intake also damaged fibers of
the nigrostriatal bundle resulting in a parkinsonian-likenegatively regulated by leptin (Stephens et al., 1995;
Ahima et al., 1996; Hahn et al., 1998). Central administra- condition that confounded interpretations of the specific
role of the LHA in regulating food intake (see Ungerstedt,tion of both NPY and AgRP increases feeding, and, dur-
ing starvation, the level of both mRNAs rise (see Woods 1970; Stricker and Zigmond, 1976). However, cell-spe-
cific lesions made with kainic acid demonstrated thatet al., 1998). This rise is prevented by leptin administra-
tion or refeeding, and subsets of the NPY/AgRP cells LHA lesions produce hypophagia even when the dopa-
minergic system remains intact (Grossman et al., 1978;express leptin receptors (Mercer et al., 1996a; Wilson
et al., 1999). As Fos expression in NPY cells is not in- Stricker et al., 1978).
These controversial early predictions have been bol-duced by leptin administration, evidence that leptin di-
rectly acts on NPY neurons was lacking. However, we stered by the recent discovery of two families of neuro-
peptides located exclusively in the LHA and perifornicalfound that leptin induces SOCS-3 mRNA in NPY cells,
providing evidence that leptin directly engages NPY area: MCH (Bittencourt et al., 1992) and ORX (Sakurai
et al., 1998) also called hypocretins (de Lecea et al.,neurons.
Several studies have demonstrated that administra- 1998). Despite the similar distribution, these peptides
are found in separate, but spatially overlapping, popula-tion of NPY in distinct hypothalamic sites such as the
PVH and LHA increases food intake and decreases ther- tions of neurons in the LHA (Broberger et al., 1998; Elias
et al., 1998a; Peyron et al., 1998). MCH and ORX cellsmogenesis and energy expenditure (see Stanley et al.,
1993; Billington et al., 1994). Interestingly, these NPY send direct projections to the entire cortical mantle and
key autonomic nuclei (Bittencourt et al., 1992; Peyronresponses may be anatomically disassociated. Specifi-
cally, the most sensitive site at which NPY induces feed- et al., 1998; Date et al., 1999; van den Pol, 1999).
Injections of MCH into the lateral ventricle inducesing behavior is the perifornical area of the LHA (Stanley
et al., 1993; Currie and Coscina, 1995). In contrast, injec- feeding, and its mRNA level is increased by starvation
(Qu et al., 1996; Rossi et al., 1997; Sakurai et al., 1998).tions of NPY into the PVH seem to be the most effective
at decreasing thermogenesis (Billington et al., 1994; Cur- The most persuasive argument for a role of MCH cells
of the LHA in regulating food is that targeted deletionrie and Coscina, 1995). It should also be noted that leptin
may exert some of its effects to regulate body weight of the MCH gene results in decreased food intake, body
weight, and leptin levels compared to wild-type controland neuroendocrine status directly in the PVH as leptin
administration induces SOCS-3 mRNA in the PVH mice (Shimada et al., 1998). The only observed alteration
in central neuropeptide levels in these mice was a reduc-(Bjorbñk et al., 1998), although at much lower levels
than the mediobasal hypothalamus. Our findings directly tion in POMC mRNA within the Arc. Deficiency of POMC
is associated with reduced leptin levels (Schwartz et al.,demonstrate that NPY cells in the Arc innervate the
LHA and perifornical area. The Y5 receptor has been 1997; Thornton et al., 1997; Mizuno et al., 1998). Lack
of leptin (and reduction in POMC) results in hyperphagicidentified as a candidate through which NPY exerts its
effects on feeding. The analysis of the distribution of Y5 responses during starvation and hyperphagia and mor-
mRNA reveals high levels in the LHA (Gerald et al., 1996). bid obesity in most leptin-deficient rodent models. De-
Melanocortin receptors type 4 (MC4-R) have been creases in food intake induced by leptin are blocked by
identified as critical in regulation of body weight, as the antagonism of melanocortin 4 receptors (Seeley et al.,
agouti yellow (Ay) obese mouse phenotype is due to 1997). Thus, conditions that result in reduced leptin and
ectopic overexpression of the MC4-R antagonist, agouti POMC should result in increased food intake and obe-
protein (Fan et al., 1997). In addition, MC4-R gene dele- sity. However, despite decreased leptin and POMC
tion results in obesity, as does the transgenic overex- mRNA, MCH knockout mice are hypophagic and lean
pression of AgRP (Huszar et al., 1997; Ollmann et al., (Shimada et al., 1998).
1997). It is noteworthy that the acute effects of leptin to These findings suggest that MCH neurons in the LHA
reduce feeding can be attenuated by blocking the MC4- are downstream of POMC neurons that regulate food
Rs (Seeley et al., 1997). MC4-R mRNA and a-MSH-bind- intake. Our current findings are consistent with this hy-
ing sites are located in several nuclei in the hypothala- pothesis. Leptin receptors are found in the LHA, but at
mus, including the LHA (Tatro, 1990; Mountjoy et al., lower levels than the mediobasal hypothalamus (Mercer
1994). Therefore, regulation of food intake by leptin et al., 1996b; Schwartz et al., 1996; Fei et al., 1997;
seems to be influenced by antagonistic action of AgRP Elmquist et al., 1998c). Indeed, our results suggest that
and a-MSH on neurons containing MC4-R. Our current leptin does not directly regulate MCH cells, as we ob-
findings suggest that leptin differentially regulates Arc served very little SOCS-3 mRNA in MCH neurons follow-
AgRP and POMC neurons that innervate the LHA. ing leptin administration. We demonstrate here that
NPY/AgRP and POMC/CART neurons that express lep-
tin receptors and respond directly to circulating leptinLeptin-Sensitive Neurons in the Arcuate Nucleus
Innervate the LHA: A Projection Regulating also project to the LHA. Moreover, NPY, AgRP, and
a-MSH immunoreactive fibers innervate MCH and ORXFood Intake
The LHA was first implicated in body weight regulation cells in the perifornical area of the hypothalamus (Bro-
berger et al., 1998; Elias et al., 1998a). These resultsby early lesion studies (Hetherington and Ranson, 1940;
Anand and Brobeck, 1951). These initial findings of a suggest that leptin acts in two distinct groups of cells
in the Arc. A medial group composed of NPY and AgRProle of the LHA in food intake were challenged by the fact
that the lesions that caused hypophagia also damaged neurons express SOCS-3 mRNA but not Fos-IR follow-
ing leptin administration. This combination of SOCS-3ascending and descending fibers of passage in the me-
dial forebrain bundle. Indeed, electrolytic lesions of the but not Fos-IR suggests that the Arc NPY and AgRP
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probes were diluted to 106 cpm/ml, and the digoxigenin probes werecells are directly engaged but functionally inhibited
diluted to 1±2 ng/ml hybridization solution as described previouslyby leptin. In contrast, a second and more lateral group
(Elias et al., 1998a, 1998b). The hybridization cocktail was appliedof POMC/CART cells contain leptin-induced SOCS-3
to each slide, and sections were then incubated for 12±16 hr at
mRNA and Fos-IR. This combination of SOCS-3 and Fos- 568C. Sections were next incubated in 0.002% RNase A (Boehringer
IR suggests that the POMC/CART neurons are directly Mannheim) for 30 min.
Sections were next incubated in sheep anti-digoxigenin primaryengaged and functionally activated by leptin. Our results
antisera conjugated to alkaline phosphatase (1:1000; Boehringer-suggest that both leptin-regulated groups project to the
Mannheim) overnight. The sections were next incubated in a ni-LHA, acting on MCH and ORX cells. These cells in turn,
troblue tetrazolium chloride (NBT) and 5-bromo-4-chloro-3-indolyl-project to the cerebral cortex, monoamine cell groups
phosphate (Boehringer Mannheim) chromogen solution (Marks et
in the brainstem, and the autonomic preganglionic neu- al., 1992) for 2±4 hr and dipped in 3% parlodion (Fisher Scientific).
rons. Modulation of this pathway provides an anatomical Slides were air dried and placed in X-ray film cassettes with BMR-2
film (Kodak). Slides were next dipped in NTB2 photographic emul-link between circulating leptin, feeding behavior, and
sion (Kodak) and stored with desiccant at 48C. Sections were devel-body weight homeostasis.
oped with D-19 developer (Kodak). Control procedures included
hybridization with sense probes and tissue pretreatment with RNaseExperimental Procedures
A (200 mg/ml).
Animals and Leptin Administration
Adult male pathogen free Sprague-Dawley rats (250±350 g) (Taconic) Dual Label In Situ Hybridization
were housed in a light- (12 hr on/off; lights on at 7:00 a.m.) and Histochemistry/Immunohistochemistry
temperature-controlled environment with food and water available The protocol used for combined ISHH and immunohistochemistry
ad libitum. The animals and procedures used were approved by the was a modification of that described previously (Kelly and Watts,
Harvard Medical School and Beth Israel Deaconess Medical Center 1996; Elias et al., 1998b). Tissue sections were first processed for
Institutional Animal Care and Use Committees. As previously de- immunohistochemistry for FG or Fos as described above except
scribed, intravenous catheters were surgically implanted and Fluor- that normal serum was removed from all steps and replaced with
ogold (2.5% in saline) (Fluorochrome) was injected with air pressure 1% bovine serum albumin (Sigma) and RNasin (35 U/ml; Promega).
injection system (Elmquist et al., 1998a) in the vicinity of the LHA Following the DAB step, sections were mounted onto SuperFrost
(10 nl). Rats were injected with recombinant murine leptin intrave- slides, air dried, stored at 2208C until processed for POMC, NPY,
nous (1.0 mg/kg; kindly provided by Eli Lilly) or pyrogen free saline or SOCS-3 ISHH as described above.
(PFS) (Sigma) 5±7 days later. All injections were given between 11
a.m. and 12 p.m.
Estimates of Cell Counts
Histology and Immunohistochemistry In all procedures, the estimates of cell counts were done by an
Rats were perfused with 10% neutral buffered formalin (Sigma) 1 observer blinded to the treatment groups. In the FG-injected cases,
or 2 hr following leptin or PFS administration, and frozen coronal FG-immunoreactive cells (Fos, FG, or Fos 1 FG) in the retrochias-
sections were cut at 25 mm (1:6 series). Sections were processed matic area (RCA) and the lateral arcuate nucleus (Arc) were counted
for double-label immunohistochemistry as reported previously from using a grid reticule and a 103 objective as described previously
our laboratory (Elmquist et al., 1998a). Briefly, tissue sections were (Elmquist et al., 1997). Similarly, the relative number of cells con-
incubated in Fos rabbit primary antiserum (Ab-5; Oncogene Sci- taining FG-IR that also contained POMC, NPY, and SOCS-3 mRNA
ences; 1:100,000) overnight followed by biotinylated donkey antirab- in the RCA and Arc was also counted. In addition, the relative number
bit IgG (Vector; 1:1000) for 2 hr. Sections were then incubated in the of cells containing NPY and SOCS-3 or POMC and SOCS-3 mRNAs
avidin±biotin complex (ABC; Vector Elite Kit; 1:500) and incubated in were also estimated. Two methods of scoring double-labeled cells
0.04% DAB and 0.02% cobalt chloride (Fisher Scientific), and 0.01% were employed. The less stringent of the two considered cells to
hydrogen peroxide. Tissue sections were next exposed to a FG contain positive hybridization if the silver grains overlying identified
antisera raised in rabbit (1:20,000; Chemicon) overnight. The sec- cell bodies (FG or digoxigenin labeled) were 53 above background
tions were reincubated in biotinylated donkey anti-rabbit antisera hybridization levels. Estimates of background hybridization levels
(1:1000; Jackson Laboratories) and in ABC and DAB solutions. An were made by calculating the mean number of silver grains overlying
adjacent series was stained for Fos as described above except that a counting grid (100 mm2) in the cortex, thalamus, and internal cap-
the cobalt solutions were omitted. The sections were next incubated sule. A more conservative estimate was used that defined cells as
in FG primary antisera followed by FITC-conjugated donkey anti- double labeled only if the above background silver grains conformed
rabbit (1:200; Jackson Laboratories). Sections were then incubated to the shape of the FG- or digoxigenin-labeled cell bodies. The more
in a-MSH antisera (Tatro and Reichlin, 1987; Elias et al., 1998a, conservative estimates are presented in Figures 3 and 6.
1998b), followed by biotinylated donkey anti-sheep and Cy3-conju- The relative number of neurons containing leptin-induced Fos-IR
gated streptavidin for 1 hr (1:200; Jackson Laboratories). The Fos- and NPY or POMC mRNAs was counted in the RCA and Arc. In
IR was observed using brightfield optics, the FG using the FITC filter, these cases, the immunostained Fos nucleus was placed in the
and the a-MSH, the rhodamine filter system. Control experiments center of a counting reticule 10 mm in diameter. Silver grains above
resulted in no specific staining that included incubation of the tissue background in that diameter for NPY or POMC mRNAs were consid-
in antisera that had been preadsorbed with the respective antigens ered double-labeled cells (Fos 1 NPY or POMC). The data were
(Elias et al., 1998a; Elmquist et al., 1998a). not corrected for double counting because the objects we were
counting did not change in size, and section thickness did not vary
Dual Label In Situ Hybridization Histochemistry between groups, any systematic error should be identical for all
The protocol for in situ hybridization histochemistry (ISHH) and dual groups. Hence, as all double-label studies are inherently qualitative,
label ISHH was a modification of that previously reported (Simmons our results are meant to provide relative data, but are not meant to
et al., 1989; Marks et al., 1992; Chan et al., 1993). Antisense POMC, be accurate estimates of absolute cell counts. Differences between
NPY, and SOCS-3 35S-labeled riboprobes were generated from leptin- and PFS-treated groups were analyzed by ANOVA, and the
cDNA templates as described previously (Chan et al., 1996; Cheung differences between treatment groups in each region were assessed
et al., 1997; Thornton et al., 1997; Bjorbñk et al., 1998; Elias et al., by Fisher PSLD.
1998b). The linearized plasmids were subjected to in vitro transcrip-
tion with SP6 (NPY and POMC) and T7 (SOCS-3) polymerases
according to the manufacturer protocols (Promega). The digoxi- Production of Photomicrographs
Photomicrographs were produced by capturing images with a digitalgenin-labeled NPY and POMC probes were generated by using
digoxigenin-labeled UTP (Boehringer Mannheim). The 35S-labeled camera (Kodak DCS) mounted directly on the microscope (Zeiss
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Axioplan) and an Apple Macintosh Power PC computer. Image edit- Date, Y., Ueta, Y., Yamashita, H., Yamaguchi, H., Matsukura, S.,
Kangawa, K., Sakurai, T., Yanagisawa, M., and Nakazato, M. (1999).ing software (Adobe Photoshop) was used to combine photomicro-
graphs into plates. Only the sharpness, contrast, and brightness Orexins, orexigenic hypothalamic peptides, interact with autonomic,
neuroendocrine and neuroregulatory systems. Proc. Natl. Acad. Sci.were adjusted. All figures were printed on a dye sublimation printer
(Kodak 8600). Cytoarchitectonic details were added by using a cam- USA 96, 748±753.
era lucida. de Lecea, L., Kilduff, T.S., Peyron, C., Gao, X., Foye, P.E., Danielson,
P.E., Fukuhara, C., Battenberg, E.L.F., Gautvik, V.T., Bartlett, F.S.,
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